This study examined the hysteresis exhibited in concentration-discharge (C-Q) relationships in the runoff from four hydrologically separated fields (catchments) at an intensively managed grassland. The objectives were to examine C-Q relationships constructed from high-resolution time series of flow, temperature, pH, conductivity, nitrate and turbidity, and their implications for hydrological processes. High-resolution datasets from the quality assured records of the Rothamsted Research North Wyke Farm Platform in the UK were examined using a graphical method and cross-correlation statistics. The study found that storm events based C-Q hysteresis reflects the cross-correlation that is generally hidden in time series analysis of large datasets, and that although Q and water quality variables can be effectively influenced by catchment size, the C-Q relationship is less significantly influenced. The dominant C-Q relationships of the water variables in the study area reflect that saturated overland flow was prevalent during the study period in the catchments, while the CCF results indicate coupled transfer of sediments and solute in the area at lag ≥ 0.
Introduction
The concept of hysteresis in hydrology is well known (Prowse 1984 , O'Kane 2005 , Outram et al. 2016 , Sheriff et al. 2016 , with numerous studies describing complex hydrological and hydrochemical responses to rainfall across a range of observation scales (Johnson and East 1982 , Evans and Davies 1998 , House and Warwick 1998 , Hornberger et al. 2001 , Ivanov et al. 2010 , Krueger et al. 2010 , Jiang et al. 2012 , Siwek et al. 2013 Bieroza and Heathwaite 2015; Lloyd et al. 2016) . The use of data describing hysteretic responses to examine hydrological flow paths is, however, more recent (Krueger et al. 2009 , Eder et al. 2010 , Sherriff et al. 2016 , despite its potential to elucidate which flow paths might be dominant during different periods within rainfall events (Kirchner 2003) .
Hysteresis typically results in the occurrence of a nonunique solute concentration for a given value of discharge, often due to factors such as variation in rain intensity, nature of runoff, nature of targeted transported (physical or chemical) materials, interactions between the targeted material, precipitation, soil, vegetation and other components of the environment (Williams 1989 , Evans and Davies 1998 , House and Warwick 1998 , Rose 2003 , Bowes et al. 2005 , Andrea et al. 2006 , Eder et al. 2010 , Krueger et al. 2010 , Jiang et al. 2012 . Hysteresis may occur when the state of an ecosystem depends strongly on its previous history, such that the critical condition under which a system switches from one stable state to another is different from the condition that will allow the system to return to the original state (Prowse 1984 , O'Kane 2005 , Tan and Iyer 2009 ). In field-or catchment-scale hydrology, hysteresis is often reported in concentration (C)-discharge (Q) relationships, occurring when C varies with Q, such that a non-unique C occurs for a given value of discharge (Walling and Webb 1980 , Evans and Davies 1998 , Hornberger et al. 2001 , Eder et al. 2010 . Occurrence and type of hysteresis in a C-Q relationship often depend on individual characteristics of stations and solute parameters, processes of water movement, and nature of storms (Edwards 1973 , Webb and Walling 1983 , Bowes et al. 2005 , Ivanov et al. 2010 .
Most studies on C-Q relationships have shown that they often form hysteretic plots that are cyclical and follow either a clockwise or an anticlockwise direction, or both, as in a "figure-of-eight" plot. Some plots can exhibit a straight line, or show a combination with a loop (which may also be clockwise or anticlockwise), or a complicated random form (Foster and Grieve 1982 , Olive and Rieger 1985 , Williams 1989 , Haygarth et al. 2004 , Eder et al. 2010 . These relationships can also provide insights into prevailing or dominant hydrological processes. For example, while a clockwise hysteresis is associated with transmissivity feedback and quick displacement of nutrients from the surface and near-surface soil region by infiltrating rainwater (McHale et al. 2002 , Bishop et al. 2004 , Rice et al. 2004 , Holden 2005 , Weiler and McDonnell 2006 , an anticlockwise hysteretic pattern is associated with preferential flow and flushing of materials from the region of high concentration in the O soil horizon, or lateral displacement of the old water by infiltrating rainwater (Holden 2005, Weiler and McDonnell 2006) . In some cases, where both clockwise and anticlockwise hysteresis are favoured in an event, a "figure-ofeight" (cross-over) pattern is formed, while an irregular, random or indeterminate pattern often signals a condition where supply of a material changes rapidly with Q (Williams 1989) .
The C-Q relationship may be a straight line when both C and Q progress and peak simultaneously (Krueger et al. 2010) . Significant inferences about temporal variability, hydrological status of catchments, source areas of pollutants, flow pathways and residence times of targeted substances have been made from C-Q patterns and, from such, informed land management strategies have been suggested (Walling and Webb 1980 , Johnson and East 1982 , Williams 1989 , Evans and Davies 1998 , Chanat et al. 2002 , Rose 2003 , Haygarth et al. 2004 , Krueger et al. 2010 , Murphy et al. 2012 .
However, apart from the work of Krueger et al. (2009) and Haygarth et al. (2004) on phosphorus transfers, studies on essential physiochemical properties of water, such as pH, water temperature, turbidity and dissolved oxygen, as well as limiting nutrients such as nitrate, are very few (almost non-existent) at the farm scale, despite their potential to improve the understanding of the impacts of management on water quality. A farm is the principal unit of decision making (Dallimer et al. 2010 , Schneider et al. 2014 , especially on nutrient optimization and point-source pollution control (Milne et al. 2011 , Milledge et al. 2012 , which are relevant to controlling diffuse pollution in water bodies. Farm sizes may, however, depend on management decisions and can vary with location (Dogliotti et al. 2005 , Hensen et al. 2006 , Milledge et al. 2012 ). The present study builds upon the studies of Croft et al. (2013) , Berhanu et al. (2013) and Peukert et al. (2014) , which have shown that the hydrological behaviour of clay soil series can be significantly different, especially with different field size, topography, location and land use and management. The aim is to improve the understanding of C-Q hysteresis and implications for the hydrology of typical intensively managed grassland in the temperate region. The objectives are:
(a) to examine C-Q relationships constructed from high-resolution time series of Q, water temperature, pH, conductivity, nitrate (NO 3 − ), turbidity and dissolved oxygen (DO); and (b) to compare the relationships for different farms in a clay-rich soil environment.
Apart from the fact that the selected water quality parameters are available for the study, the parameters are classified as essential for water quality monitoring in any environment (Chapman 1996) .
Data and methods

Study site
Four of the 15 hydrologically separated fields of the Rothamsted Research North Wyke Farm Platform (NWFP) in southwest England, UK (50.77°N, 3.90°W, Fig. 1 ), were selected for this study: Pecketsford, Burrows, Middle & Higher Wyke Moor and Longlands East, referred to herein as PEC, BUR, MHW and LOE, respectively. The fields were selected because the data collected from them at the beginning of the research experiments at the Farm Platform, which this work represents, exhibited the best quality time series datasets over the study period.
Annual rainfall at the study area varied between 1041.7 and 1055.7 mm (Harrod and Hogan 2008, Eludoyin 2013) temperature ranged between 5.9 and 12.2°C. Average relative humidity is 77.3% (Eludoyin 2013) . The area is underlain by the Carboniferous Crackington Formation, which is part of the Culm Measures geology comprising sandstone and shale sequences of an extensive outcrop of Carboniferous strata in Millstone Grit (Laming and Roche 2006 , Harrod and Hogan 2008 , Warrington et al. 2012 . Soils overlying the Crackington Formation are usually clay-rich with dark grey, black or weathered pale shales and thin subsidiary sandstone bands (Leslie et al. 2007) . The soils in the study area are predominantly the heavy clay soils of the Cambisols group. The soil series are Halstow and Hallsworth series, classified by the Food and Agriculture Organization (FAO 1990) as Stagni-vertic Cambisols, and Denbigh series, classified by FAO as Stagni-eutric Cambisols. Fladbury soil series (Gleyi-eutri fluvisol or pelo-alluvial gley) are also found in some parts of the Farm Platform (Shepherd et al.
2014
). The Cambisols soil group is widespread, and is used extensively for intensive agriculture, covering about 1.57 × 10 9 ha land surface in the world. The soils are characterized by generally low groundwater movement, although the Fladbury consists of clayey river alluvium which can be affected variably by groundwater ( (Farewell 2008, Hogan and Harrod 2008) . Dominant plant communities are classified as MG7, comprising Lolium perenne leys and related grasslands. The MG7 plant community includes highly productive short-term agricultural grassland for grazing or mowing in rotation with arable farming, permanent amenity and recreational swards developed for heavy use (Rodwell 1998) .
The selected fields, like all the 15 hydrologically separated fields at the Farm Platform, are characterized by a management history considered to be representative of normal management cycles for intensive grassland (Peukert et al. 2012) . The fields are used to "stockgraze" animals -a non-site-specific method of grazing that allows the manipulation of how, when, what and how much the animals graze, such that nutrition can be allocated among varying classes of livestock in order to improve efficiency of forage use, reduce negative effects on soils or plants, and accomplish an experimental objective (Allen et al. 2011) . The main differences in the selected fields are in terms of the dominant soil series, size and slope. Whilst the Halstow soil series principally underlies the LOE (about 100%) and BUR (about 52%), MHW (about 100%) and PEC (65%) were mainly underlain by the Hallsworth soil series. Boorman et al. (1995) classified Halstow as part of Hydrology of Soil Type (HOST) 21, which is defined as "slowly permeable soils with slight seasonal waterlogging and low storage capacity over slowly permeable substrates and negligible storage capacity". Typical Halstow soil at the study area contains about 70% or more silt and clay at 0-93 cm depth, about 1.04-1.51 g cm −3 bulk density, and 0-12.1% air capacity by volume (Harrod and Hogan 2008) . The Hallsworth soil series, on the other hand, is classified as HOST 24, and defined as "slowly permeable, seasonally waterlogged, and overlain by slowly permeable substrates with negligible storage capacity". Typically the Hallsworth soil series at North Wyke is characterized by about 73% silt and clay, especially within 0-35 cm of the soil profile (Harrod and Hogan 2008) . In addition, the fields are generally plains (slope being less than 15%), except at BUR where the slope varied between 0 and 25%. The BUR is also the largest field (about 11 ha) and LOE is the smallest (1.5 ha) (Fig. 1 ).
Field instrumentation and data collection
From each field, runoff was channelled to an outlet constructed with an 80-m-deep French drain (Orser 1997) network, whose trench was lined with polyethylene drape to prevent runoff escape and groundwater ingress (Fig. 2) . The (runoff) outlet of selected fields was equipped with a multi-parameter water quality sonde (6600 V2 model), a Teledyne ISCO 4230 Bubble flow meter for the determination of discharge (Q) and a Nitratax plus sc sensor, which determines NO x -N by an , respectively. Records of the analysis of the parameters were logged, stored and transmitted in real time (at 15-min intervals) with the sensor-based transmission technology of the Adcon Advantage Pro 6.2. The Adcon Advantage software is a sensor-based technology that requires conventional radio transmitters, government license (for use of the radio frequency), and extensive cabling (Adcon 2013 ). Data loss due to power failure is prevented at the Farm Platform with an automatically switching uninterrupted power system (UPS). Data were also calibrated and tested for quality assurance tests with in-house developed algorithms before use (Harris et al. 2016) . Orr et al. (2016) provides detailed information about the operations of the North Wyke Research Farm Platform.
The events used for this study were observed in November 2013 and January 2014, and are therefore representatives of the early and late winter conditions in the region. The winter season of the 2013/14 hydrological year was characterized by rapid thaw and heavy rains, and average temperature of between 3.3 and 12°C (Met Office 2014). An event, as used in this study, starts when runoff begins to increase after the start of a rainfall event that triggers it (or when runoff is increasing after a rainfall event), and it ends when the flow returns to its initial preevent level (Deasy et al. 2009 ). When runoff does not return to its initial level, the event is assumed to end when the runoff reaches the lowest value before it again increases (Deasy et al. 2009 , Glendell and Brazier 2014 . Selected events included low and high, single and multiple peak events and these were considered to represent the range of hysteretic responses that might be observed from such intensively managed grasslands. In all, 13 storm events with more than 70% of the 15-min resolution data per event were analysed out of the 17 identified events in the study period.
Data analysis
Patterns of the C-Q relationships observed in the investigated events were visually compared for inferences about the slope and direction before they were classified into different types. The cross-correlation functions (CCF) of C-Q relationships for water temperature, pH, turbidity, conductivity and NO 3 − were compared across the different storm events to examine the hysteresis patterns. Cross-correlation analysis is a method of time series analysis that has been used in the estimation of dependence of one variable over another, at different lag distances (Lehmann and Rode 2001, Brockwell and Davis 2016) . Cross-correlation analysis based CCF between two response signals produces waveform as impulse functions (Feng et al. 2015) . The CCF in this study was computed using the following equation (Box and Jenkins 1976) :
where x and y are values of Q and corresponding C from 0 to n; r xy (k) is the sample CCF at lag k (CCF is not symmetric about k = 0); C xy (k) is the sample crossvariance at lag k; S x is the standard deviation of series x; and S y is the standard deviation of series y: 
3 Results and discussion
Variations in Q and corresponding water quality variables
The values of Q and corresponding water temperature, pH, NO 3 − , turbidity and conductivity were variable (Fig. 3) . Figure 3 shows that, while conductivity, NO 3 − , turbidity and water temperature had significantly (p ≤ 0.05) higher values at LOE than most other fields, the values of Q at this field (LOE) were significantly lower than those obtained at the other fields. This relationship between the overall pattern of Q and other variables tends to associate low discharge with high concentrations of the variables. Previous studies (e.g. Woltemade 2000 , Groffman and Marshall 2013 , Maltby 2013 ) have associated low concentrations of some of the variables (including conductivity, NO 3 − and turbidity) under large discharge with dilution and rapid depletion of sediments and solutes by runoff, processes that occur more slowly under low discharge conditions. In addition, the time series plots of Q relative to rainfall show that the values of Q were, as expected, higher in the January storms than those recorded in November, and we consider that this might be associated with heavier winter rains in January (Fig. 4) . Although soil moisture data for one of the months was not available (owing to the need for recalibration or replacement; see also Orr et al. 2016) , and hence could not be compared, January had more antecedent precipitation input than November (Met Office 2014). The values of Q, when assessed (in a stepwise regression) with corresponding values of rainfall, rainfall lag, lead and cumulative rain, and size of the fields (in ha), were found to vary significantly (p ≤ 0.05), more with rainfall lag (antecedent rainfall) and field size than either the cumulative, lead or actual immediate rainfall values. size is one of the factors that influence discharge and other hydrological processes (Kirchner 2003 , Burgers et al. 2014 .
Concentration-discharge (C-Q) relationships
Datasets for selected variables of water chemistry were examined with their corresponding Q values for hysteresis patterns. The majority of C-Q plots for water temperature, conductivity, turbidity, pH and NO 3 − , respectively, were cross-over (41.7-58.3%), clockwise (36.4-90.9%), anticlockwise (40-60%) and unclear (46-100%) for most of the selected fields except LOE.
About 50% of the storm events considered showed a complex or unclear pattern of pH-Q relationship at LOE. Typical C-Q relationships observed in all the fields and the cross-correlation functions of the time series data (for individual storm events) are presented in Figure 5 . For the cross-over hysteresis pattern of the water temperature-Q relationship, cross-correlation (r) was positive and peaked at lag < 0; r generally increased at lag > 0, to produce the hysteresis that reflects the combination of the clockwise and anticlockwise effects. Sheriff et al. (2016) noted that cross-over hysteresis can be controlled by discharge and precipitation. In this study, water temperature decreased with increase in either rainfall (b = −0.06; p < 0.05), or discharge (b = −3.55; p < 0.05) ( Table 2 ). The pH-Q and conductivity-Q hysteresis plots were clockwise and anticlockwise, respectively; the cross-correlations functions also show converse patterns. Whilst for the clockwise pattern, r values were first positive, and peaked when lag < 0, before declining to negative values, the CCF for the anticlockwise pH-Q plot shows that the C-Q relationship was first negative, and later approached positive at lag ≥ 0. Although the turbidity-Q plot shows clockwise direction hysteresis patterns, the CCF pattern shows relative stability of low correlation, except around where lag is about 0 (where r peaked). For the irregular pattern exhibited by the NO 3 − -Q relationship, the r generally declined and peaked at lag = 0, before it increased progressively. The irregular C-Q pattern indicates that concentration did not vary systematically with discharge (Murphy et al. 2012) . In the majority of the hysteresis plots, clockwise and anticlockwise hysteresis occurred whether or not the concentration lagged or led Q, except for the water temperature-Q hysteresis that resulted in cross-over. In both the storm-based CCF and the overall data events (Fig. 6) , water temperature-Q relationship showed that the values of r before lag = 0 are inverse to the ones after it.
Implication of the C-Q relationship for hydrological pathways
The dominance of cross-over water temperature-Q hysteresis for the fields and the corresponding strong correlation at the negative lag before a gradual decrease indicate displacement of heat from macropores and drains during the onset of streamflow. As heat is displaced, and discharge increases, dilution causes water temperature to decline. Existing studies have noted that such displacement caused by rainfall infiltration of the soil -which is usually influenced by antecedent wetness, intense rainfall, near-surface water table or nearstream regions, and the time at which new water mixes with the pre-event water -often describes a field characterized by saturation overland flow (e.g. Hewlett and Hibbert 1967 , Dunne and Black 1970 , Dunne 1983 , Grady 2001 . The hydrograph also showed that water temperature first rose before it declined, immediately Q peaked ( Fig. 5(a) ). An assessment of the overall data for the entire study period showed that the water temperature-Q relationship was affected by some dry days between the rainy days, based on its generally unstable cross-correlation (Fig. 6) . Similarly, the hydrographs for nitrate, conductivity and turbidity where C either lagged or increased at the rising limb indicate that the concentrations of these variables were increased by flushes from the existing stock in the soil when rain started ( Fig. 5(b-d) ). Although previous studies have agreed on the significant impact of farm inputs on the chemical characteristics of runoff, no link was found with their hydrological pathways (e.g. Granger et al. 2010a Granger et al. , 2010b . The soils in the selected fields were characterized as "slowly permeable soils with slight seasonal water-logging" and "low storage capacity over slowly permeable substrates and negligible storage capacity" (Harrod and Hogan, 2008, Orr et al. 2016) . The fields were also grazed by sheep and cattle, and the wastes from these animals as well as the application of farmyard manure as slurry are sources of substances that can increase the concentrations of nitrate, conductivity and turbidity prior the peak of Q (Bilotta et al. 2007) . Some studies have indicated that neglect of hysteretic effects in hydrological studies can cause processes to be poorly quantified and understood, and that occurrence of hysteresis in the C-Q relationship may indicate that certain hydrological assumptions, Bonell 1998 , McDonnell 2003 , Beven 2006 . Subsequently, the results from this study indicate nonlinear C-Q relationships, and that the relationships are influenced by a catchment's morphology, rainfall characteristics, antecedent soil conditions and land use. Hysteresis also reveals internal fluxes in concentrations that can be useful for inferring the mechanism of water movement in a catchment (Hornberger et al. 2001) .
Conclusions
The rich data from the North Wyke Farm Platform have provided an opportunity to investigate the implications of C-Q relationships from different storm events. The study found that storm event based C-Q hysteresis reflects the cross-correlation that is generally hidden in time series analysis of large datasets. The C-Q relationship is less significantly influenced by catchment size than the individual parameters of Q and water quality.
The dominant C-Q relationships of the water variables in the study area indicated that saturated overland flow was prevalent during the study period in the catchments. Saturated overland flow was dominant in the fields based on the influence of the antecedent soil moisture on the C-Q graphs and cross-relation functions. Furthermore, the similar CCF and hydrographical distributions of turbidity, nitrate and pH at positive lags indicate a coupled relationship between sediment and solute transfers in the fields, especially when runoff was activated. The C-Q approach is capable of providing insights into the hidden details in datasets, and, complementarily with observations of the soil water variability, can provide answers to hydrological question such as what happens after the catchment has caught a storm or about the possible origin of a contaminant. Further study of the influence of changes in farm management strategies on the C-Q relationships of solutes and conservative tracers in the fields is recommended, as this will enrich the decision-making process in land management.
Funding Figure 6 . Cross-correlation functions of the multi-date datasets of selected parameters for all the fields across different time lags for the entire storm events used for this study.
